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HE TERM IDIOPATHIC GENER-
alized epilepsy describes a group of epilepsy syndromes with a nonfocal mechanism of onset and no identifiable cause other than a genetic predisposition. 1, 2 Juvenile myoclonic epilepsy (JME) represents a common form of idiopathic generalized epilepsy. [1] [2] [3] The major features are bilateral myoclonic jerks of pubertal onset, occasional generalized tonic-clonic seizures, and absences. Because no anatomic substrate has been identified, a normal computed tomogram or magnetic resonance image (MRI) is a prerequisite for the diagnosis of JME. 1 Increased frontal lobe gray matter fraction 4 and benzodiazepine receptor density 5 and reduced premotor glucose metabolism 6 in JME raises questions about this concept. Furthermore, recent magnetic resonance spectroscopy data suggest that at least a certain population of patients with JME has frontal lobe reductions of N-acetyl aspartate 7, 8 and elevations of combined glutamine and glutamate (Glx) levels. 9 Together, these findings strongly indicate identifiable frontal lobe abnormalities. Although they may explain a poor performance in frontal lobe tests and certain stereotyped personality traits in patients with JME, 3, 6 further investigations are needed to explain the pathophysiology of myoclonic jerks.
The epileptic myoclonus is thought to be primarily cortical.
2 At a neurotransmission level, evidence exists that serotonergic processes may be involved in the pathophysiology of myoclonus. For example, myoclonus is a frequent consequence of serotonin intoxication, 10 and the serotonin 1A receptor antagonist methysergide is reported to reduce, and the serotonin 1A receptor agonist to induce, myoclonic jerks. ceptor subtypes 13, 14 is the serotonin 1A receptor, which can be either presynaptic or postsynaptic. Presynaptic serotonin 1A autoreceptors are highly concentrated on cell bodies in the raphe nuclei. They mediate inhibition of neuronal firing and release of serotonin in all projection areas, 13 thereby regulating serotonergic activity. In human subjects, serotonin 1A receptor binding can be examined in vivo with positron emission tomography (PET) and the radioligand carbonyl-carbon 11-WAY-100635. 14, 15 We hypothesized that JME may be associated with a disturbance (a hyperreactivity) of serotonergic neurons, leading to altered serotonin 1A receptor binding. Changes were primarily expected in the dorsolateral prefrontal cortex, motor cortex, and raphe nuclei.
METHODS
PATIENTS
The study included 11 long-term consecutive patients (mean±SD age, 29±9 years; 6 women) treated from seizure onset at epilepsy clinics of the Karolinska University Hospital in Stockholm, Sweden. All of the patients were well known to the neurologists in charge (I.S., P.L.). The study was approved by the local human subject protection committee, and informed written consent was obtained from each patient.
The JME was diagnosed according to the International Classification of Epilepsies from 1989 1 based on seizure history, seizure semiology as described by relatives or recorded during hospitalization, and results of scalp electroencephalographic recordings, which all showed bilateral spike-and-wave or polyspike-and-wave activity. Patients had late childhood or teenage onset (mean ± SD age, 14 ± 2 years) of awakening myoclonic jerks. All had a history of generalized tonic and clonic seizures in addition to myoclonia. Four had experienced sporadic absences. No signs of focal onset were apparent, and all patients had normal results on computed tomography and routine MRI examination of the brain. None had a progressive condition, a history of status epilepticus, drug intoxication, or drugrelated encephalopathy. One patient had newly diagnosed diabetes, which was controlled with a food regimen. The others were healthy apart from having seizures. All were treated with valproate sodium; one was also treated with lamotrigine.
The control group consisted of 11 right-handed, healthy volunteers (mean±SD age, 28±7 years; 6 women) without medication and with a normal MRI of the brain. They were not investigated with electroencephalography.
MRI PROTOCOL
All the patients were examined with a 1.5-T MRI system (Signa Advantage; General Electric Medical Systems, Milwaukee, Wis), using a previously described protocol. 7, 8, 16 Possible hippocampal disease was evaluated from coronal T2 fast inversion recovery images (flip angle, 3°; 16 sections) and 3-dimensional spoiled gradient echo (2.5/0; 60 slices; 256 ϫ 256 pixels; number of excitations, 1) images acquired perpendicular to the long axis of the hippocampus.
MEASUREMENTS OF SEROTONIN 1A RECEPTOR BINDING
All PET measurements were interictal, confirmed by online electroencephalography and the attending neurologist. The last seizure was at least 72 hours before the respective PET measurement. The PET system used was Siemens ECAT Exact HR (Siemens Medical Solutions, Knoxville, Tenn), with a spatial resolution of approximately 3.8 mm. 14, 16 Each patient received an intravenous bolus of approximately 6.75 mCi (250 MBq) of carbonyl-11 C-WAY-100635 (specific radioactivity, Ͼ1000 Ci/ mmol [37ϫ10 6 MBq/mmol]). Blood samples were taken manually during the 63-minute scan. 14, 16 The time curve was corrected for radioactive metabolites 17 and used for evaluation of possible differences in radioligand metabolism.
ANALYSIS OF SEROTONIN 1A RECEPTOR BINDING POTENTIAL
Serotonin 1A receptor binding potential (BP) was calculated in a set of volumes of interest (VOIs), which were first delineated on MRIs of a standard brain. 16, 18 They were then transferred to individual PET images, reformatted to perfectly fit with the standard brain 16, 17 (Figure 1) . The VOI template included the hippocampus; amygdala; motor cortex; raphe nuclei; orbitofrontal, insular, and anterior cingulate cortex; lateral temporal cortex; dorsolateral prefrontal cortex; parietal cortex; and cerebellum ( Figure 1 ). The motor cortex was delineated by means of the cytoarchitectonic area of the Human Brain Atlas program 17 and the other VOIs as previously described. 18, 19 The BP of serotonin 1A receptors was calculated with the reference region version of the Logan graphical analysis. 16, 20, 21 The cerebellum served as the reference region because it has a negligible density of serotonin 1A receptors.
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STATISTICAL ANALYSES
Regional differences in serotonin 1A BP between patients and controls were tested with separate unpaired t tests (one for each VOI), using means of homologous regions as input values. Bonferroni correction was applied for the multiple comparisons of 10 different VOIs, yielding a PϽ.005.
In regions that showed changes, the BP was tested for a possible correlation with duration of seizures, seizure frequency, age, age at seizure onset, and the number of generalized tonic and clonic seizures during lifetime (Pearson simple regression, PϽ.05). Radioligand metabolite fractions were compared between cohorts (4 and 20 minutes after bolus injection) with unpaired t tests (PϽ.05).
RESULTS
SEROTONIN 1A RECEPTOR BP
The patients with JME showed significant reductions in serotonin 1A receptor BP in the dorsolateral prefrontal cortex (P=.002), raphe nuclei (PϽ.001), and hippocampus (P =.001) (Figure 2) . No difference was found in other VOIs (Table) . No correlations were found between regional BP and the clinical parameters.
To test whether the BP reduction in hippocampus could be attributed to atrophy, we delineated the hippocampus on individual coronal 3-dimensional MRIs, 19 calculated the total brain volume with an in-house program, 23 and compared the hippocampus-total brain volume ratios between patients and controls (unpaired t test, PϽ.05) in a post hoc analysis. No difference was observed (the mean ± SD hippocampus volume was 2.3±0. 4 In another post hoc analysis, based on the same MRIs, voxel-based morphometry was applied according to Good et al, 24 using a limited search volume that covered the hippocampal regions (Talairach coordinates: x =−40 to ϩ40; y=−42 to ϩ2; z = −22 to ϩ3). After spatial normalization, 8-mm filtering, and segmentation into gray matter, white matter and cerebrospinal fluid controls and patients with JME were compared using SPM 99 statistical software (Wellcome Foundation, London, England 25 ). The T-threshold at pixel level was 0.001 (PϽ.05). The gray matter fraction of the hippocampus was significantly elevated in patients with JME, showing 2 peaks (Talairach coordinates: 16, −8, −12; z-level, 5.2; and −10, −8, −12; z-level, 4.4).
The mean±SD blood (plasma) concentration of carbonyl-11 C-WAY-100635 did not differ between patients and controls (33%±15% for patients with JME and 39%±19% for controls at 4 minutes and 7%±5% for patients with JME and 8%±4% for controls at 20 minutes).
COMMENT
The present study examined whether the serotonin 1A receptor binding is altered in JME. The main finding was a significantly lower BP in patients compared with controls in the dorsolateral prefrontal cortex, raphe nuclei, and hippocampus. This finding supports recent notions that JME is a condition with behavioral manifestations that arise from cortical and subcortical circuits and adds a substantial argument for the view that juvenile myoclonic seizures have a located substrate.
As in many other PET studies of neuroreceptor binding, the data provide no definite conclusions about causality of the observed changes. Two alternative explanations, however, deserve a comment.
Serotonin 1A receptors in the hippocampus and frontal lobes could be down-regulated because of serotonin neuron hyperactivity and serotonin accumulation in these projection areas to raphe nuclei. Indeed, the epileptiform activity in JME is most pronounced over the frontocentral regions, and the degree of epileptiform activity has been found to correlate with reductions of serotonin 1A BP. 26 Although not reported earlier, the currently observed hippocampal changes seem reliable considering the high sensitivity of carbonyl-11 C-WAY-100635 PET hippocampal abnormalities. 14, 16, 26 Neither hippocampal nor frontal lobe reductions in serotonin 1A BP seem, however, to reflect atrophy, because the re- spective gray matter fractions appear elevated rather than reduced. 4 Also antiepileptic medication seems an improbable explanation, considering that the changes were highly regional.
The finding in raphe nuclei deserves precaution, because this structure is small and its evaluation with PET, therefore, is hampered by partial volume effects. Such effects, however, increase the coefficient of variance in the measured values, 14, 16 which in the present context should mask a true group difference. The fact that our patients with JME showed reduced BP in raphe nuclei despite partial volume effects, therefore, provides an argument for a physiologic effect.
Although appealing, an interpretation of the present results as a mere effect of the serotonin neuron hyperactivity has several weaknesses. First, carbonyl-11 C-WAY-100635 is a ligand with high affinity to the serotonin 1A receptor and not readily displaced by serotonin. 27 It is, therefore, questionable whether a reduced BP reflects an elevation in serotonin concentration. Second, it is unlikely that the currently observed frontal lobe and hippocampal abnormalities are selective for the serotonin system. One possibility is that they reflect cortical dysplasia or other developmental disturbances. They could harbor changes of the serotonin system, 28 leading to perturbations of autoreceptors in raphe nuclei.
These 2 explanations are difficult to separate on the basis of available information. At present, the evidence appears to strongly indicate that the serotonin system is affected in JME. The data confirm that frontal lobes are particularly affected in JME and point to the hippocampus as an additional target area. Together with previous data, these findings reject the notion that JME is a condition without anatomic substrates and emphasize the need for a reevaluation of the current classification of primary generalized epilepsy. Figure 2 . Late uptake images. A, Late uptake images of carbonyl-carbon 11-WAY-100635 in 3 patients with juvenile myoclonic epilepsy ( JME) and 3 controls. The images illustrate low uptake in the hippocampus and raphe in patients. The patient's right side is to the left in the image. B, Averaged late uptake images based on data from 11 controls (left) and 11 patients (right). To correct for the interindividual variation in the amount of injected radioligand, the mean brain radioactivity concentration was arbitrarily set to 50 nCi/mmol (1.85 ϫ10 −3 MBq/mmol). The color scale is the Sokolof scale in both A and B. 
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